Building a thin-film transistor liquid-crystal display (TFT-LCD) plant is a huge investment, as a result TFT-LCD designers have been looking to a good layout design to increase their production efficiency. A multiple-zone in-line stocker is the plant's intrabay automated material handling system (AMHS). Due to the unique multiple-zone characteristic, the machine layout in a TFT-LCD bay is different from that in a semiconductor bay. The machine layout design within a TFT-LCD bay is required to solve not only the machine grouping problem, but also the zone formation problem. Furthermore, except for precisely quantitative criteria, vague information provided by the human natural language is a part of inputs to the machine layout design. A method capable of taking designers' linguistic variables, like low, medium, and high, into consideration in producing a machine layout of a TFT-LCD bay is becoming more important. In this paper, we propose an efficient machine layout design method with a fuzzy set theory within a bay in a TFT-LCD plant. An intelligent hybrid heuristic algorithm with a mixed integer linear programming (MILP) model is developed. The objective aimed to achieve is to maximize in-sequence movements and minimize backtracking movements, the total flow distance, and the total backtracking flow distance. An example is given to illustrate the proposed layout procedure. It is our hope that the proposed approaches from this study benefits TFT-LCD designers to deal with both quantitative and linguistic variables for their machine layout problems.
Introduction
The thin-film transistor liquid-crystal display (TFT-LCD) panel industry has been one of rapid growing industries throughout the world. Coming up with how to improve the efficiency in producing required volume and quality of panels to satisfy the strong market demand has become more important. There are many key factors improving the production efficiency in such industry. One of them is increasing the efficiency of flow movement in the TFT-LCD production line. The facility layout problem is one of issues for influencing flow movement. Jang and Choi [1] indicated that since the processing steps in TFT-LCD panel are similar to those in semiconductor fab, the machine layout and automatic material handling system (AMHS) configuration for the TFT-LCD production line during the early age of the industry follow the semiconductor production system. A functional layout (i.e. process layout) in which each bay is treated as one manufacturing process served by similar processing machines is presented. In addition to the consideration of the processing machine layout, the AMHS is also defined as a transportation system in which an automated guided vehicle (AGV) system is used within the bay as well as an overhead hoist shuttle (OHS) system is performed via stockers for storage of work-in-process (WIP) between bays. Fig. 1 .a depicts a functional layout with an AGV and OHS system. Since the manufacturers adopted the bigger size of glasses for the market demand, the specification of size of the glass's unit load called cassette, the width of the bay, and the space in stocker has to be larger than previous one. A new concept of the facility layout incorporated AMHS was introduced. Similar to the layer-based layout proposed by Chang and Chang [2] , machines used for the same one particular layer are grouped together. Every machine is allocated nearby an automated storage and retrieval based stocker called in-line stocker placed on the bay for both storage and transferring of materials. The in-line stocker not only has the storage function, but also can transport cassettes between machines, ports and storage racks. A study done by Tompkins et al. [3] emphasized the importance of layout decision-making. Material handling and layout-related costs account for between 20 to 50% of the total operating expenses in factories. However, there is little research for machine layout problem of in-line stocker in a TFT-LCD fab compared to in semiconductor fab. In this paper, we propose an efficient machine layout design method with a fuzzy set theory within a bay in a TFT-LCD plant. An intelligent hybrid heuristic algorithm with a mixed integer linear programming (MILP) model is developed. The objective aimed to achieve is to maximize in-sequence movements and minimize backtracking movements, the total flow distance, and the total backtracking flow distance. An example is given to illustrate the proposed layout procedure.
The remainder of this paper is organized as follows. In section 2, a review of the literature pertinent to this design problem is conducted. In section 3, the design methodology we proposed is explained. An example is given in section 4 to illustrate the proposed design method. Finally, section 5 concludes and summarizes the results of this study.
Literature review
Because the AMHS in TFT-LCD fabs has become a primary determinant of efficient operation, the more complex layout problem derived from fuzzy multiple attributes or circumstances needs a robust method to deal with. Bellman and Zadeh [4] proposed a decision-making method in a fuzzy environment in which the fuzzy set theory is applied to the multiple attribute decision-making problems. Dweiri and Meier [5] established a robust methodology based on fuzzy set theory to improve the facilities layout process. The authors used analytical hierarchy process (AHP) to measure the weights of either qualitative or quantitative factors and apply fuzzy decision-making system (FDMS) to generate the activity relationship chart. The new evaluation method in their study was also proposed to score the layout without given constraints. Deb and Bhattacharyya [6] considered one of the real difficulties in layout design models is the natural vagueness associated with the input factor to the models so that authors presented a methodology for the facility layout process using a fuzzy decision-making system for assessing imprecise data. This methodology was considered both qualitative and quantitative factor in a two-tier fuzzy inference system, simulation resulted the proposed methodology has abilities to handle data under a fuzzy multicriteria aspect as well. Deb and Bhattacharyya [7] continued to solve the facility layout problem in the natural vagueness. Based on multiple factor fuzzy inference system (FIS), the author presented a decision support system to develop the facility layout with fixed pickup/drop-off (P/D) point. A test problem was proved to achieve objective functions with minimization of the flow cost, dead space, and area requirement for the layout development. Yang et al. [8] proposed a fuzzy multiple attribute decision-making method for a large 300-mm fab layout design. A case study was illustrated an empirical example that provides fabrication facility management with guidelines for a future 300-mm layout design.
The proposed methodology
The proposed solution procedure for readers here is presented. Fig. 2 gives us the flow chart of the proposed solution procedure. As shown in Fig. 2 , three phases arise to cope with the layout tasks. First, the clustering of machine groups is recognized with desired number of clusters. A fuzzy decision-making system (FDMS) is used to develop a fuzzy relation matrix with multiple influenced variables to follow the successive action of machine placement. Second, the zone formation in which the number of zones in in-line stocker is determined and which machines are served by the crane (S/R machine) in their zones is generated. Once the machine group and the zone formation are found, the sequences of machines are to be ordered using the flow line analysis (FLA) method. We will explain each of them as follows. 
Phase I: clustering of machine groups
In this section, the problem we deal with is to assign p machine types to c machine groups (i.e. clusters). In tradition, one needs to define a finite set of data X, X={x1, x2, …, xn}, and let xk={xk1, xk2, …, xkq}, where xk is a vector represented by q features of characteristics such as part type q operating with the machine xk. For gathering the machine layout and AMHS, the in-line stocker, the designers aim to determine the similarity rating between machines. In our study, we replace the characteristics with how similar xk to others is. The reason is that not only will more than one characteristic (i.e. influenced variables) we considered become more practical in a facility plant, but variables can affect the layout design as well. However, these variables may not be described precisely due to uncertainty on them. It is important to determine these variables as factors, define the membership function, and rate the linguistic values for these variables via a fuzzification module in FDMS shown in Fig. 3 . In order to form the similarity rating matrix, five variables determined by designers between machines in an inline stocker are: direct-transfer material flow (DMF), indirect-transfer material flow (IMF), transporter flow (TF), logging flow (LF), and similarity rating (SR). The set of membership functions used for them can be illustrated in Fig. 4 . An example of the fuzzy logic between a pair of objects is reasoned as follows:
IF (DMF) is (very high) AND (IMF) is (very high) AND (TF) is (very high) AND (LF) is (very high) THEN (SR) is (A)
All the input variables are considered as trapezoidal membership functions while output variable is considered as triangular membership function. The number of rules in decision-making module can be calculated by Eq. (1).
where N = the total number of rules, Li = the number of membership function in ith input variable, m = the number of the sets of rules, and n = the number of input variables used in a set of rules. As indicated in Lee [9] , the three commonly used strategies may be described as the max criteria, the mean of maximum, and the center of area (COA). In addition, Braae and Rutherford [10] concluded that COA strategy yields superior results. In this study, we adopt COA as the defuzzification strategy to calculate the final crisp value of each similarity rating. Among objects, the FDMS is repeated with the number of combination of each pair of objects. After all crisp values of similarity rating obtained, the similarity rating matrix can be formed as a kind of characteristics to follow up a clustering algorithms.
Phase II: generation of zone formation
As the clustering of machine groups is completed with assumption of two clusters, the next phase is to approach a zone formation problem. The zone formation we defined is how many zones that one stocker is required to be divided into and what machines will be assigned into the zones according to machine content in final machine groups. However, the zone formation is distinguished from the machine groups in a problem that the number of clusters is not specified. In our study, a method based on fuzzy equivalence relations is adopted since the relations can induce a crisp partition in each of its α-cut without a specified number of clusters. Let Rs be a similarity relation, then each α-cut α Rs is a crisp equivalence relation that represents the presence of similarity between the machines to the membership degree α. That is, the similarity classes among machines are defined in terms of a specified membership degree α.
The designers' principle in decision-making is when many machines assign to a zone is acceptable, the machines is more dissimilar to each other. That is, a low similarity degree to the result of distinct partitions of its α-cut.
Therefore, distinct partitions of its α-cut in the fuzzy equivalence relation can transfer to the zone formations in one minus dissimilarity degree, i.e. α'=1-β. The higher the dissimilarity degree membership value, the less one grouping machines are similar to each other to a degree α'. Once the α' belongs to a certain interval values in the level set of similarity relation, the number of zones is determined. A four-type zone formation example in an in-line stocker can be found by a determination of similarity degree in a partition tree's level set RT, Λ = {0, 0.4, 0.6, 1}, shown in 
Phase III: allocation of machines
Once the machine group and the zone formation are found, the next job is to determine the sequences of machines for allocating the relative position of machines to the in-line stocker. When the machines have been classified locating on both side of the stocker according to the procedure in phase I and II, the cassette's flow path can be a U-shaped line. In this study, we use the flow line analysis (FLA) method proposed by Ho and Moodie [11] to determine the initial sequences of machines. Ho and Moodie [11] proved that the FLA Method 6 has the best performance in a unidirectional problem under multiple-criteria objective function. We use the method to generate the flow sequence of machines. The steps of this method are listed as Fig. 6 . By replacing the single flow interactions with the similarity rating obtained from phase I, the machines positioning on a unidirectional flow path is eligible for producing a satisfactory machine layout.
Step 1: Among all pairs of machines, select the pair in which the amount of flow from one to the other is the largest. Build a semiconstructed flow-line by placing the from' machine in front of the to' machine. If more than one pair of machines is qualified, arbitrarily select one.
Step 2: Find a pair of candidate machines that do not belong to the same semi-constructed flow line and have the largest amount of flow from one to the other. Please note a machine is a candidate machine if it is not connected to any other machines or it is the first or the last machine in a semi-constructed flow line. If more than one pair of candidate machines is qualified, arbitrarily select one. Since the flow line is unidirectional, for those machines that are first in the semi-constructed flow line, other machines can only be added in front of them; that is, they cannot be from machines. On the other hand, for those machines at the end of semi-constructed flow lines, they cannot be to machines; in other words, machines can only be added after them.
Step 3: Connect the candidate machines together by putting the from' machine in front of the to' machine. There are three possibilities here.
Step 3.1: Two machines are connected together to become a new semi-constructed flow line.
Step 3.2: If a pair of candidate machines includes the first machine or the last machine of an existing semi-constructed flow line, this pair of candidate machines is connected to the existing semi-constructed flow line. A common criterion for evaluating a unidirectional nonloop flow path machine layouts is bought up four evaluation criteria as objective functions of MILP in this study. As indicated by Ho and Moodie [11] , the four objective functions are the maximization of the number of in-sequence movements in Eq. (2), the minimization of the number of backtracking movements in Eq. (3), the minimization of the total flow distance in Eq. (4) and the minimization of the total backtracking flow distance in Eq. (5). Table 1 summarizes the notations appearing in the model. The objective functions of MILP are defined as follows. Table 1 . Definitions of notations in the objective functions. Fi,j = the amount of flow from machine i to machine j.
Ii,j = a binary integer variable. Ii,j will be 1 if machine j is adjacent to and at the right-hand side of machine i; other, Ii,j will be 0. Di,j = the distance from machine i to machine j. Bi,j = the backtracking traveling distance from machine i to machine j.
Experimental result
In this section, an example problem will be solved to help readers understand the proposed methodology for machine layout problem in the multiple-zone in-line stocker of a TFT-LCD bay. The system in this example has eight machines in terms of deposition, cleaner, coater, exposure, developer, etching, stripper, and, inspection, labeled from number 1 to 8. Table 2 lists the width and minimum safety distance requirement (MSDR) of each machine. The lot size is 25 pieces of glasses per lot, which is held by one cassette. Table 3 lists the operation sequences of two parts and their part-mix ratios. There are cranes with bidirectional guide path to transport cassettes between machines. Following the proposed procedure in this study, one can easily understand only the machine group {M2, M3, M4, M5, M6, M8} in partitions is required to determine its sequence of machines in the unidirectional flow path. In this example, the final flow path using the FLA method is M2-M5-M3-M6-M4-M8. Including the machine groups {M1} and {M7}, the position of every machine in the in-line stocker is shown in Fig. 7 . 
Conclusion
In this paper, we solve a machine layout problem that is placed on bays with a multiple-zone in-line stocker system in a TFT-LCD fab. The characteristics of the in-line stocker make the flow path unique and important so that the machine layout result will be affected by designers' linguistic variables. Therefore, the machine layout problem is not likely to work out similarly in a fab without an in-line stocker. A new machine layout methodology for a TFT-LCD plant based on fuzzy set theory is proposed for considering all influenced variables. The goal of this study is to simultaneously design the machine layout and the flow path on the in-line stocker guide path in a TFT-LCD bay. Three phases includes the clustering of machine groups, the determination of zone formation, and ordering of the sequence of machines. The fuzzy set theory methods are adopted to deal with the sub-problem in each phase. An example problem is created to test how the proposed solution procedure works. In the example, the proposed solution procedure is proved to be able to find a satisfactory and better solution layout efficiently.
